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study, we examined several determinants of basal fat oxidation in 720 healthy Caucasian volunteers.
Adult men (n = 427) and women (n = 293) were characterized for resting energy expenditure and substrate oxidation by indirect calorimetry (after a 12-h overnight fast), peak 02 consumption by a treadmill test to exhaustion, body composition by hydrodensitometry, food intake from a 3-day food diary, and hormonal status by fasting hormone concentrations.
Fat oxidation was negatively correlated with fat mass in men (r = -0.11; P < 0.05), but no statistical relationship was found in women. In a stepwise multiple regression analysis, fat oxidation was best predicted by peak OZ consumption and fat-free mass in men (model R" = 0.142) and by free thyroxine, fat-free mass, and fasting insulin in women (model R2 = 0.153). Relative rates of fat oxidation (fat oxidation adjusted for differences in resting energy expenditure) were not correlated with fat mass in either gender. Women showed a lower rate of basal fat oxidation (both absolute and adjusted) than did men. Our results show that fat oxidation is not greater in individuals with a greater fat mass. Furthermore, our results support a sexual dimorphism in basal rates of fat oxidation.
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THEORY
OF MACRONUTRIENT BALANCE suggests that long-term weight maintenance (and, therefore, energy balance) can be achieved when the fuel mix oxidized [i.e., respiratory quotient (RQ)] is equal to the fuel mix consumed (9). Because protein balance is achieved on all but protein-restricted diets and carbohydrates and fat provide the majority of energy intake, weight maintenance is a function primarily of carbohydrate and fat metabolism (9). However, an individual's ability to regulate carbohydrate vs. fat metabolism differs dramatically, and it is this difference that can lead to weight gain (9, 10).
Consumption of dietary carbohydrates leads to carbohydrate oxidation through the action of insulin, whereas consumption of dietary fat does not promote an analogous increase in fat oxidation (10, 24) . Therefore, the presence of even a relatively small quantity of carbohydrate in a high-fat meal will inhibit the oxidation of fat, leading to greater fat deposition. The body's inability to metabolize excess fat therefore leads to an increase in fat stores over time. Flatt (9) and Flatt et al. (10) have postulated that an increase in fat mass will eventually lead to an increase in fat oxidation, thereby providing a new plateau of weight maintenance at a point where fat oxidation equals fat intake.
In support of this hypothesis, Schutz et al. (25) previously reported, in a cross-sectional study of 106 obese women, that a IO-kg increase in fat mass was associated with an increase in fat oxidation of -20 g/day. Similarly, Astrup et al. (3) found a positive correlation between fat mass and 24-h fat oxidation in a study of 38 overweight or obese and 35 nonobese women. In contrast, Calles-Escandon et al. (6) failed to find a relationship between fat mass and fat oxidation, as have Lillioja et al. (16) . The reasons for these conflicting results are unknown but may relate to between-study differences in methodology (6) and/or subject characteristics.
The purpose of this study was twofold: 1) to determine whether fat oxidation is related to fat mass and 2) to examine the association of fat oxidation with metabolic characteristics and lifestyle variables in men and women. Our study differs from the previously mentioned studies in that we have a carefully characterized large population of healthy subjects that varies greatly in body composition and is the first to examine the association between fat oxidation and fat mass in men.
MATERIALS AND METHODS
SuQects. Data from 427 healthy Caucasian men and 293 healthy Caucasian women were analyzed in this retrospective study. All subjects were weight stable (52 kg) within the past year as indicated by medical history and were characterized by no clinical symptoms of heart disease, no exercise- The subjects were asked to refrain from exercising for at least 36 h before testing. This time period is felt to be of adequate length to eliminate the residual effects of the last exercise bout on resting energy expenditure (REE) (20) . The volunteers were admitted to the Clinical Research Center between 1400 and 1600 on the afternoon before metabolic testing and were fed a standardized meal (4,184 kJ; 15% protein, 30% fat, and 55% carbohydrate) at approximately 1730. The volunteers were not required to eat the entire meal and were given extra food if they requested it. After the meal, the subjects practiced with the ventilated hood to reduce concern over testing conditions.
The Minnesota Leisure Time Physical Activity Questionnaire (31) was administered as previously described (14) . Peak VO, was measured as previously described (21). Briefly, the subjects either walked or jogged on a treadmill (0% incline) at a comfortable speed. After 3 min, the incline was increased by 2.5% every 2 min while maintaining a constant treadmill speed. Peak ' i 702 was recorded as the highest VO, for 1 min during the test, and attainment was defined as the subject having reached his and/or her age-predicted maximal heart rate and having a maximal RQ > 1.0.
Body composition. Body fat was estimated from body density as measured by underwater weighing, with simultaneous measurement of residual lung volume by the helium dilution method, by using the equation of Siri (27). Fat-free mass (FFM) was estimated as total body weight minus fat weight.
Plasma Food intake. Daily energy and macronutrient intake were estimated from a 3-day food diary (2 weekdays and 1 weekend day) as previously described (22). The subjects were told to maintain their usual eating habits and to describe the quantity of food ingested.
Statistics. Means +-SD and ranges for each study variable were calculated.
Associations between fat oxidation and variables of interest were examined with the Pearson productmoment correlation coefficient. Stepwise multiple linear regression analyses were performed with the physical, metabolic, and hormonal characteristics from Table 1 and the dietary intake variables from Table 2 as independent variables and fat oxidation as the dependent variable. Variable entry was set at P < 0.05 and removal at P > 0.05. Statistics were computed with the SAS System for Windows (Release 6.10; SAS Institute, Cary, NC). The level of statistical significance was set at P < 0.05 for all tests. Preliminary analyses showed that fat oxidation was significantly affected by gender (P < 0.001; see RESULTS); therefore, we analyzed all correla- 
RESULTS
The physical, metabolic, and hormonal characteristics and dietary intake of the 720 volunteers are shown in Tables 1 and 2 . Table 3 summarizes the relationships of fat oxidation and adjusted fat oxidation with the physical, metabolic, and dietary parameters. Of particular interest was the finding that fat oxidation was negatively correlated with fat mass in men (P < 0.05) and was not significantly correlated to fat mass in women (P = 0.15). Adjusted fat oxidation tended to be related to fat mass in men (P = 0.055) but was not correlated to fat mass in women (P = 0.15; Fig. 1) . Table 4 shows the results from stepwise multiple regression analyses for the determinants of fat oxidation and adjusted fat oxidation. The independent variables used in the model are from Tables 1 and 2 . We also included a measure of relative fat mass (the residuals of fat mass regressed on FFM; Ref. 13 ). REE and RQ were not included because these two factors are used in the calculation of fat oxidation. The significant determinants of fat oxidation in men were peak VO, and FFM (model R2 -0 142) and in women were free Tq, FFM, and fasting insulin (model R2 = 0.153). Adjusted fat oxidation in men was predicted by fasting insulin (model R2 = 0.014) and in women by free T4 and fasting insulin (model R2 = 0.085). Fat oxidation was significantly affected by gender (men, 4.20 t: 1.20 g/h; women, 3.06 t-0.91 g/h; P < 0.001 by analysis of variance). The effect remained significant after covarying for differences in FFM, peak J?o,, and free T4 (men, 3.85 t 0.06 g/h; women, 3.56 t 0.08 g/h; P < 0.05 by analysis of covariance).
DISCUSSION
In this retrospective study, we used a large carefully characterized population of healthy Caucasians to determine the relationship between fat oxidation and fat mass and to identify the factors that contribute to basal fat oxidation. The major findings are that 1) basal fat oxidation is not greater in individuals with greater fat mass; 2) basal fat oxidation is partially explained by peak vo2 and FFM in men and by free Tg, FFM, and fasting insulin in women; 3) fat oxidation adjusted for REE is partially explained by fasting insulin in men and by free T4 and fasting insulin in women; and 4) basal fat oxidation differs with gender.
The relationship between fat oxidation and body composition is unclear. Because FFM is the major determinant of REE (23) and, therefore, the major site of fat oxidation, then it is intuitive to think that FFM would be the major determinant of fat oxidation. Data from the present study and a previous study (6) found that fat oxidation is more strongly correlated with fat mass than with FFM. We suggest that the differences between these studies may be due to the physical characteristics of the subjects studied, specifically, that populations differed with respect to 1) the covariation of fat mass and FFM and 2) the range of fat mass vs. FFM. These differences may affect which body component explains the greatest variance in fat oxidation.
In a homogeneous population, one expects a positive correlation between fat mass and FFM (11). Therefore, it is possible that a positive relationship between fat mass and fat oxidation may result from the covariation of fat mass and FFM. Astrup et al. (3) attempted to test this by entering both fat mass and FFM as independent variables in a stepwise regression and found that fat mass alone correlated with fat oxidation. Similarly, in a previous study, Schutz et al. (25) found a greater correlation between fat mass and fat oxidation (r = 0.56) than between FFM and fat oxidation (r = 0.38). However, it is possible that these earlier results were due solely to the threefold greater range of fat mass compared with that of FFM (3, 25). As explained by Smith (28), correlation coefficients are positively correlated (r = 0.496) with the range of the x-axis (i.e., the greater the range of the independent variable, the greater the correlation coefficient). It is therefore conceivable that fat mass will be correlated more strongly with fat oxidation than will FFM when the range of fat mass greatly exceeds that of FFM.
The population in the present study differs dramatically from the above-mentioned studies (3, 25) with respect to the relationships between fat mass and FFM in two ways. First, fat mass is inversely related to FFM in our population (13) . In our opinion, this situation is ideal for determining the relationship between body composition and fat oxidation because the inverse relationship between fat mass and FFM negates the possibility that the relationship between fat mass and fat oxidation is simply a function of increasing FFM. The inverse relationship between fat mass and FFM may explain the negative correlation between fat mass and fat oxidation in the present study. Second, the ranges of fat mass and FFM in the present study were roughly equivalent in the men (58.4 and 66.7 kg, respectively) and only slightly different in the women (53.9 and 31.9 k g, respectively), thereby eliminating or reducing any statistical artifact due to differences in the range of the x-axis. Therefore, we suggest that FFM, and not fat mass, is the major determinant of fat oxidation.
Because of the potentially confounding effects of body composition, aerobic capacity, food intake patterns, age, and gender of our heterogeneous population, we analyzed our data using stepwise linear regression. After these effects were removed by the regression model, there was no significant relationship between fat mass and fat oxidation in either men or women. Multiple regression analyses also allowed us to determine which physiological factors predicted fat oxidation. Not surprisingly, basal fat oxidation was predicted by variables that influence REE, including FFM, peak vo2, and free T4 concentrations. Additional variation in fat oxidation in women was explained by fasting insulin concentration. After fat oxidation was adjusted for differences in REE, fat oxidation was best explained by fasting insulin concentration in men and free T4 and fasting insulin concentrations in women.
The present study found that peak 90, was strongly associated with fat oxidation. It is possible that this relationship may have been due to the covariance of peak VO, with REE and/or FFM. However, if this were the case, then one would predict that FFM would have a greater effect on fat oxidation than would peak vo2 because FFM explains a greater proportion of the variance in REE (R 2 = 0 49 for FFM and R2 = 0.37 for peak VO,). Because we did not observe this, we suggest that peak VO, may have an effect on fat oxidation independent of FFM.
Physical training (as reflected by peak vo2) may increase fat oxidation through a number of mechanisms (see Ref. 32 for a review), including an increase in intramuscular fat (12) , an increase in muscle lipoprotein lipase activity (26), and an increase in the activity of skeletal muscle 3-hydroxyacyl-CoA dehydrogenase (33). Endurance training in the elderly increases fat oxidation and lowers RQ, effects that are associated with increased sympathetic nervous system activity (19) . In that study, differences in fat oxidation and RQ associated with training were found even though metabolic measurements were taken ~36 h after the last bout of exercise. However, another study failed to show an increase in fat oxidation after training (5), and data from the present study failed to show an effect of peak iTo on adjusted fat oxidation (i.e., the effect of peak Vo2 is not independent of REE). Therefore, the effect of peak vo2 on fat oxidation is apparently mediated via an increase in REE.
In women, the absolute and adjusted rates of fat oxidation were affected by free Tq, with both models predicting that an increase in free T4 would be associated with an increase in the rate of fat oxidation. Thyroid hormones are known to affect sleeping energy expenditure (2) and REE (18) . The present study suggests that free T4 may influence substrate utilization as well, possibly via changes in rates of lipolysis. Wahrenberg et al. (34) showed that norepinephrinestimulated lipolysis is significantly greater in hyperthyroid patients, whereas lipolysis is inhibited in hypothyroid patients. It is unknown whether the range in thyroid hormone status of the euthyroid women in the present population was sufficient to elicit these changes in lipolysis.
Fat oxidation was negatively related to fasting insulin concentrations. This finding is not unexpected because insulin facilitates the uptake of glucose, promotes glucose utilization, suppresses fatty acid release and muscular uptake (30), and inhibits lipid (4,15) and free fatty acid (FFA) oxidation (7). Groop et al. (15) suggested that insulin could regulate fat oxidation via two mechanisms: direct inhibition of intracellular fat oxidation (or stimulation of glucose oxidation) and indirect suppression of plasma FFA concentration via inhibition of lipolysis. However, when plasma FFA concentration is held constant, insulin does not appear to affect FFA oxidation (15) . Moreover, although an increase in adiposity leads to an increase in FFA turnover, much of the removal of plasma FFA is due to secondary reesterification and not oxidation (7). Data from our study show that fasting insulin concentration is positively correlated with plasma triglycerides (men, r = 0.42, P -=c 0.001; women, r = 0.45, P < O.OOl), possibly suggesting an increase in secondary reesterification. Thus our data agree with the hypothesis that insulin inhibits fat oxidation.
Rates of fat oxidation also were affected by gender, an effect that.persisted after adjustment for FFM, free Tq, and peak VO,. Our data suggest that women oxidize 6.9 g less fat per day, which is roughly equivalent to a decrease in REE of 260 kJ/day. This value is very close to the difference in REE (210 kJ/day) between men and women after correction for differences in FFM, fat mass, and peak VO, (1). The reduction in REE in women appears to be associated only with a decrease in fat oxidation and not with a change in carbohydrate oxidation because carbohydrate oxidation was not affected by gender when adjusted for differences in FFM (P > 0.05; data not shown).
In summary, we have shown that fat oxidation is not positively correlated with fat mass in our healthy Caucasian population. We suggest that in studies where a positive relationship between fat mass and fat oxidation has been documented, the relationship may be due to the covariance of fat mass and FFM and possibly to the range of fat mass vs. FFM. However, our study does not rule out the possibility that fat mass may contribute to fat oxidation in severely obese populations or in subjects with impaired glucose tolerance. Additionally, we found that 14 and 15%, respectively, of the variance in basal fat oxidation was accounted for by peak VO, and FFM in men and by free T4 concentrations, FFM, and fasting insulin concentrations in women. Fat oxidation adjusted for REE was partially explained by fasting insulin concentrations in men and by free T4 and fasting insulin concentrations in women. Our data suggest that the difference in fat oxidation between men and women may be explained by differences in REE. Last, our study was limited to Caucasians, and, therefore, the relevance of our findings to other ethnic groups is unknown.
